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METHODS AND SYSTEMS FOR
EVALUATING BONE LESIONS

BACKGROUND OF THE INVENTION

Embodiments of the invention relate generally to medical
diagnostics and treatment assessment and, more particularly,
to methods and systems for evaluating bone lesions using
multi-modality image data.

It 1s not uncommeon for a single patient to undergo a mul-
titude of medical imaging exams, whether 1n a single doctor’s
visit, 1n a hospital stay, or even over the course of a lifetime.
This 1s particularly likely when a patient undergoes a series of
“tests” and scans to investigate a recently onset or previously
undetected condition. It 1s increasingly common for a patient
to be subjected to multiple scans across multiple medical
imaging modalities because each exam can provide different
pieces of information. For example, during a single doctor’s
visit or hospital stay, a magnetic resonance (MR) imaging,
system, an X-ray imaging system, or a computed tomography
(CT) mmaging system can be used to acquire images that
provide anatomical information, while a positron emission
tomography (PET) imaging system or functional MRI can be
used to acquire 1images that provide functional information.
The anatomical information providing insight into the ana-
tomical makeup of the patient and the functional information
providing insight into the functionality of a given anatomical
structure, especially when subjected to a stimulus. Moreover,
the combination of anatomical and functional information 1s
not only advantageous 1n detecting a new pathology or abnor-
mality, but the respective images, when taken over the course
of an 1llness, for example, may show growth of lesions,
responses to treatments, and disease progression. To assist in
the analysis of anatomical and functional information, pro-
grams have been constructed that register an anatomical and
a functional 1mage thereby showing, 1n a single 1image, both
anatomical and functional information.

Many clinical applications analyze 2D or 3D 1image data to
perform and capture quantitative analytics. These include
detection and sizing of lung nodules (Advanced Lung Analy-
s1s), quantification of vessel curvature, diameter, and tone
(Advanced Vessel Analysis), cardiac vascular and function
applications, navigating of the colon for detection of polyps
(CT colonography), detection and sizing of lesions, and the
like. Dedicated CT, MR, PET and nuclear medicine applica-
tions have been designed to output quantitative analytics from
regions ol mterest (intensity, density (HU), standard uptake
value (SUV), distances, volumes, growth rates, pattern and/or
texture recognition, functional information, etc.) to help in
the diagnosis and management of patients.

Quantification of bone lesions using medical 1images 1s an
important aspect of clinical diagnostics and therapy. Informa-
tion related to the quantity or overall volume of bone lesions
detected 1n a patient may be used by medical practitioners to
select the best course of treatment for a patient and to monitor
treatment efficiency and collect relevant research data.

Conventional methods of quantitying bone lesions in a
patient utilize a reference value as an estimate of the volume
of a particular patient’s skeletal structure. Because this refer-
ence value 1s a quantitative value selected from tabular refer-
ence data based on the demographics (e.g., age, sex, height,
etc.) of the patient, the reference value may not accurately
reflect the actual skeletal volume of the patient.

Lesions within the skeletal structure of the patient are
detected by first manually segmenting the skeletal structure
from 1mage data acquired from the patient and manually
identifying lesions within the segmentation. The manual seg-
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mentation of the skeletal structural and manual detection of
lesions 1s very challenging due to the complexity of the skel-

ctal structure. For example, the anatomy and composition of
bone material can vary significantly among patients, which
can lead to significant inter-operator variability.

Further, the segmentation of the skeletal structure typically
includes the brain, which can cause inaccurate quantitative
analytics of the skeletal structure, and 1n turn atfects a prac-
titioner’s ability to efficiently and accurately acquire mea-
surements and data to assess the patient’s condition.

Therefore, 1t would be desirable to have a system and
method of quantifying bone lesions that overcomes the afore-
mentioned drawbacks.

BRIEF DESCRIPTION OF THE INVENTION

In accordance with one aspect of the present invention, a
non-transitory computer readable storage medium has stored
thereon a computer program and represents a set of mstruc-
tions that when executed by the computer causes the com-
puter to access a {irst set of data of a first data type and access
a second set of data of a second data type. The first set of data
1s acquired from a patient with a first imaging modality, and
the second set of data i1s acquired from the patient with a
second 1maging modality. The set of 1nstructions also causes
the computer to perform a segmentation on the first set of data
to 1dentily a subset of the first set of data corresponding to a
skeletal structure of the patient. Further, the set of instructions
causes the computer to automatically calculate a patient skel-
ctal metric from the subset of the first set of data, the patient
skeletal metric representing a total bone volume of the
patient. In addition, the set of 1nstructions causes the com-
puter to detect at least one lesion 1n the second set of data,
classily the at least one lesion as a one of a bone lesion and a
non-bone lesion, and automatically calculate a bone lesion
metric based on the classification. The set of instructions
turther causes the computer to calculate a lesion burden as a
ratio of the bone lesion metric and the patient skeletal metric.

According to another aspect of the invention, a method
includes accessing an anatomical image data set acquired
from a patient and accessing a function i1mage data set
acquired from the patient. The method also includes 1denti-
tying a subset of the anatomical image dataset corresponding
to bone and calculating a skeletal volume from the subset of
the anatomical image dataset. In addition, the method
includes 1dentifying a set of lesions from the function image
dataset, comparing the set of lesions to the subset of the
anatomical 1mage dataset to 1dentify at least one bone lesion
within the set of lesions, automatically calculating a bone
lesion burden based on the at least one bone lesion. Further,
the method includes calculating a bone lesion index from the
bone lesion burden and the skeletal volume.

In accordance with another aspect of the invention, a medi-
cal diagnostic tool includes an 1image acquisition system con-
figured to acquire multi-modality image data, a first database
having stored thereon a first image dataset acquired from a
patient using a first imaging modality, a second database
having stored thereon a second 1mage dataset acquired from
the patient using a second 1imaging modality, and a computer
processor. The computer processor 1s programmed to access
the first and second 1mage datasets. The computer processor
1s Turther programmed to segment the first image dataset to
define a set of skeletal data, 1dentify a location of a lesion
candidate in the second 1mage set, compare the location of the
lesion candidate to the set of skeletal data, and classity the
lesion candidate as one of a bone lesion and a non-bone lesion
based on the comparison to define a set of bone lesion data. In
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addition, the computer processor 1s programmed to calculate
a lesion burden based on a ratio of the set of bone lesion data
and the set of skeletal data. The medical diagnostic tool also
includes a graphical user interface (GUI) constructed to dis-
play an image generated from overlaying a first image corre-
sponding to the set of skeletal data on a second 1mage corre-
sponding to the set of bone lesion data.

Various other features and advantages will be made appar-
ent from the following detailed description and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate preferred embodiments presently
contemplated for carrying out the invention.

In the drawings:

FI1G. 11s a schematic diagram of a medical imaging system
according to one embodiment of the invention.

FI1G. 2 1s a schematic block diagram of an exemplary multi-
modality medical imaging system, useable with the medical
imaging system of FIG. 1, which includes a PE'T imaging
system and a MR 1maging system.

FIG. 3 1s a schematic block diagram of an exemplary multi-
modality medical imaging system, useable with the medical
imaging system of FIG. 1, which includes a PET 1imaging
system and a CT imaging system.

FI1G. 4 1s a flowchart setting forth the steps of a technique
for quantitying bone lesions using multi-modality image data
according to one embodiment of the invention.

FIG. 5 1s a flowchart setting forth the steps of a bone
segmentation subroutine of the technique of FIG. 4 according
to one embodiment of the invention.

FIG. 6 1s a flowchart setting forth the steps of a lesion
detection subroutine of the technique of FIG. 4 according to
one embodiment of the mvention.

FI1G. 7 1llustrates an exemplary visual representation of a
graphical user imtertace (GUI) for displaying a visualization
of data i accordance with one embodiment of the present
invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

The operating environment of embodiments of the inven-
tion 1s described below with respect to a multi-modality imag-
ing system that includes a positron emission tomography
(PE'T) imaging system and one ol an magnetic resonance
(MR) imaging system and a sixty-four-slice, “third genera-
tion” computed tomography (CT) imaging system. However,
it will be appreciated by those skilled 1n the art that the
invention 1s equally applicable for use with other multi-slice
configurations and with other CT imaging systems. In addi-
tion, while embodiments of the invention are described with
respect to techniques for use with MR or C'T 1imaging systems
and PET imaging systems, one skilled in the art will recog-
nize that the concepts set forth herein are not limited to CT
and PET and can be applied to techniques used with other
imaging modalities in both the medical field and non-medical
field, such as, for example, an x-ray system, a single-photon
emission computed tomography (SPECT) imaging system,
or any combination thereof.

Referring now to FIG. 1, an exemplary imaging system 10
for use with embodiments of the present invention 1s shown.
Theimaging system 10 1s not modality specific. In this regard,
the system 10 includes a central processor (CPU) 12 that
controls operation of the system 10. The imaging system 10
turther includes a graphical user interface (GUI) 14 that
allows an operator to prescribe a scan and interact with the
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4

collected data and 1mages. Data acquisition 1s controlled, via
the CPU 12, by data acquisition subsystem 16. According to
various embodiments, data acquisition subsystem 16 may
access previously acquired data stored in database 18 or may
acquire data directly from a multi-modality 1maging sub-
system 20. Multi-modality imaging subsystem 20 may be a
combined PE'T/MR system (as shown 1n FIG. 2), a combined
PET/CT system (as shown in FIG. 3), a combined SPECT/
MR system, or a combined SPECT/CT system, as non-limait-
ing examples.

Imaging system 10 further includes an 1image processing,
and reconstruction subsystem 22 that generates reconstructed
images as well a quantitative data analysis subsystem 24 that
derives quantitative data from data collected from data acqui-
sition system 16. The reconstructed images generated by
image processing and reconstruction subsystem 22 and the
quantitative data computed or otherwise dertved from quan-
titative data analysis subsystem 24 may be stored 1n database
18. Additionally, 1t 1s contemplated that database 18 may be
more than one database and remotely located from the site of
data acquisition.

System 10 further has one or more displays 26 to visually
display images and quantitative data as set forth herein. One
having skill in the art will appreciate that that system 10 may
include other software, firmware, and hardware not specifi-
cally described to prescribe and execute a given scan, as well
as processing the data for image reconstruction and quantita-
tive analysis.

Additionally, 1t 1s contemplated that a dedicated worksta-
tion 28 having a computer, monitor(s), and operably con-
nected to the one or more databases may be used such that a
physician may analyze the image and quantitative data
remote from the scanner. As such, 1t 1s understood that sys-
tems and methods described herein may be used remotely
from the treatment facility at which the patient 1s scanned.

FIG. 2 1llustrates an exemplary PET/MR 1maging system
30 useable with multi-modality imaging subsystem 20. The
operation of PE'T/MR imaging system 30 may be controlled
from an operator console 32, which includes a keyboard or
other input device 34, a control panel 36, and adisplay 38. The
console 32 communicates though a link 40 with a separate
computer system 42 that enable an operator to control the
production and display of images on the display 38. The
computer system 42 includes a number of modules, such as an
image processor module 44, a CPU module 46, and amemory
module 48. The computer system 42 may also be connected to
permanent or back-up memory storage, a network, or may
communicate with a separate system control 50 through link
52. The mput device 34 can include a mouse, keyboard, track
ball, touch activated screen, light wand, or any similar or
equivalent input device, and may be used for interactive
geometry prescription.

The system control 50 includes a set of modules 1n com-
munication with one another and connected to the operator
console 32 through link 54. It 1s through link 52 that the
system control 50 receives commands to indicate the scan
sequence or sequences that are to be performed. For MR data
acquisition, an RF transmit/receive module 56 commands a
scanner 58 to carry out the desired scan sequence, by sending
instructions, commands, and/or requests describing the tim-
ing, strength, and shape of the RF pulses and pulse sequences
to be produced, to correspond to the timing and length of the
data acquisition window. In this regard, a transmit/recerve
switch 60 controls the flow of data via an amplifier 62 to
scanner 38 from RF transmit module 56 and from scanner 58
to RF receive module 56. The system control 50 also connects
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to a set of gradient amplifiers 64, to indicate the timing and
shape of the gradient pulses that are produced during the scan.

The gradient waveform instructions produced by system
control 50 are sent to the gradient amplifier system 64 having
Gx, Gy, and Gz amplifiers. Amplifiers 64 may be external of
scanner 58 or system control 50, or may be integrated therein.
Each gradient amplifier excites a corresponding physical gra-
dient coil 1n a gradient coil assembly 66 to produce the mag-
netic field gradients used for spatially encoding acquired
signals. The gradient coil assembly 66 forms part of a magnet
assembly 68, which includes a polarizing magnet 70 and an
RF coil assembly 72, 74. Alternatively, the gradient coils of
gradient coil assembly 66 may be independent of the magnet
assembly 68. RF coil assembly may include a whole-body RF
transmit coil 72 as shown, surface or parallel imaging coils
74, or a combination of both. The coils 72, 74 of the RF coil
assembly may be configured for both transmitting and receiv-
ing, or for transmit-only or receive-only. A pulse generator 76
may generate PE'T data blanking signals synchronously with
the production of the pulse sequences. These blanking signals
may be generated on separate logic lines for subsequent data
processing. The MR signals resulting from the excitation
pulses, emitted by the excited nuclei in the patient, may be
sensed by the whole body coil 72 or by separate recerve coils,
such as parallel coils or surface coils 74, and are then trans-
mitted to the RF transmit/recerve module 56 via the transmait/
receive switch 60. The MR signals are demodulated, filtered,
and digitized 1n a data processing section 78 of the system
control 50.

An MR scan 1s complete when one or more sets of raw
k-space data has been acquired 1n the data processor 78. This
raw k-space data 1s reconstructed 1n data processor 78, which
operates to transform the data (through Fourier or other tech-
niques) 1n 1mage data. This image data 1s conveyed through
link 52 to the computer system 42, where 1t 1s stored 1n
memory 48. Alternatively, 1n some systems computer system
42 may assume the image data reconstruction and other func-
tions of data processor 78. In response to commands recerved
from the operator console 32, the image data stored in
memory 48 may be archived in long term storage or may be
turther processed by the image processor 44 or CPU 46 and
conveyed to the operator console 32 and presented on the
display 38.

In combined PET/MR 1maging systems, PET data may be
acquired simultancously with the MR data acquisition
described above. Thus, scanner 58 also contains a positron
emission detector 80, configured to detect gamma rays from
positron annihilations emitted from a subject. Detector 80
preferably includes a plurality of scintillators and photovol-
taics arranged about a gantry. Detector 80 may, however, be of
any suitable construction for acquiring PET data. Gamma ray
incidences detected by detector 80 are transformed, by the
photovoltaics of the detector 80, into electrical signals and are
conditioned by a series of front-end electronics 82. These
conditioning circuits 82 may includes various amplifies, {il-
ters, and analog-to-digital converters. The digital signals out-
put by front-end electronics 82 are then processed by a coin-
cidence processor 84 to match gamma ray detections as
potential coincidence events. When two gamma rays strike
detectors approximately opposite one another, 1t 1s possible,
absent the interactions of random noise and signal gamma ray
detections, that a positron annihilation took place somewhere
along the line between the detectors. Thus, the coincidences
determined by coincidence processor 84 are sorted into true
comncidence events and are ultimately integrated by data
sorter 86. The coincidence event data, or PET data, from data
sorter 86 1s received by the system control 50 at a PET data
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receive port 88 and stored 1n memory 48 for subsequent
processing 78. PET 1mages may then be reconstructed by
image processor 44 and may be combined with MR 1mages to
produce hybrid structural and metabolic or functional
images. Front-end electronics 82, coincidence processor 84,
and data sorter 86 may cach be external of scanner 58 or
system control 50, or may be integrated therein.

A blanking control or monitor 90 1s also included 1n system
control 50. Blanking monitor 90 identified and records times
during which MR components 66-72 are active or transmit-
ting. Blanking monitor 90 may use this timing data to gate
PET data acquisition by detector 80 or signal conditioning by
front-end electronics 82, or may output a timing sequence to
be applied during data processing by coincidence processor
84, data sorter 86, data processor 78, or image reconstructor
44.

Referring now to FIG. 3, a PE'T/CT imaging system 92,
useable with multi-modality imaging subsystem 20 of FI1G. 1
1s shown. It should be noted that in some embodiments,
PET/CT imaging system 92 acquires CT data prior to obtain-
ing the PET data. However, one skilled 1n the art will recog-
nize that the PET and CT data may be acquired 1n different
orders and combinations thereof (e.g., 1n an mterleaved man-
ner).

PET/CT imaging system 92 generally includes a gantry 94,
a patient table 96, and a processing and control system 98
including a user input 100 with a display 102. The gantry 94
provides mechanical support for imaging devices such as, for
example, detectors, scanners, and transmitters that are used
for scanning a patient 104. The gantry 94 houses 1maging
devices such as, for example, PET detectors or x-ray detec-
tors. It should be noted that the PET system may be a station-
ary annular detector or optionally may include a pin source.

In some embodiments, gantry 94 includes a plurality of
PET detectors that are fixed and spaced on the gantry 94,
which are positioned radially outward from the axis. In accor-
dance with other embodiments, the gantry 94 includes a plu-
rality of detectors that are rotatable about the axis. For CT
imaging, a rotating detectors and a source, for example, an
x-ray tube 106 may be provided and optionally including a
stationary detector ring for C'T imaging may be provided. In
other embodiments, a separate imaging gantry 1s provided for
CT imaging.

The 1maging devices on the gantry 94 acquire image data
by scanming the patient 104 lying on the patient table 96. The
patient table 96 lies along the axis of the gantry 94, and can be
moved along this axis. Moving the patient table 96 enables the
scanning of various portions of the patient 104. The patient
table 96 can be positioned at various axial positions along the
axis.

The processing and control system 98 controls the posi-
tioning of the patient table 96, and receives image data col-
lected during scanning. In various embodiments, the process-
ing and control system 98 controls the PET/CT imaging
system 92 to acquire both emission and transmission 1mage
data of a volume of interest. For example, annihilation events
may be detected as emission data, as well as transmission data
from signal transmitted by a transmission source, such as the
x-ray tube 106, which pass through the volume of interest of
the patient 104. The transmission signals may get attenuated
when the signals pass through the volume of interest and the
detectors may collect data that 1s attenuated after the trans-
mission signals pass through the patient 104.

Various processors, sorters, and databases are used to
acquire and manipulate emission and transmission data,
which 1s used 1n accordance with various embodiments. The
processors, sorters, and databases of FIG. 3 include acquisi-
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tion circuitry 108, an acquisition processor 110, a transmis-
sion data database 112, an emission data database 114, and an
image reconstruction processor 116. The acquisition proces-
sor 110 1s programmed to acquire emission data and generate
an 1mage based on the emission data acquired. Other com-
puting components also may be included.

In some embodiments, an energy sorter 118 provides, for
example, time, location, and energy data to a PET processor
120. The PET processor 120 generally uses the recerved data
to 1dentily pairs of data, also known as coincidence pairs,
coincident pair lines, and lines of response, corresponding to
annihilation events that occurred inside the region of interest.
After acquisition processor 110 identifies an annihilation
event, the acquisition processor 110 updates data 1n the emis-
sion data database 114 to store information relating to the
annihilation event. CT data 1s also stored 1n the transmission
data database 112 based on transmission signals that pass
through the patient 104 and are detected.

Thus, after an acquisition session has been completed and
sets of transmission and emission data have been stored 1n
databases 112 and 114, respectively, 1image reconstruction
processor 116 accesses the data in the databases 112 and 114
and uses the accessed data to generate 1mages that may be
requested by a system operator. Additionally, the sets of trans-
mission and emission data are used by a scatter correction
estimator module 122 to estimate scatter for the emission data
based on both the transmission and emission data.

FIG. 4 sets forth a technique 200 for quantilying bone
lesions 1n a patient using multi-modality three dimensional
image data. According to various embodiments, technique
200 1s performed by a computer processor such as, for
example, CPU 12 of FIG. 1. Techmique 200 begins with step
202, by selecting and loading one or more exams to be pro-
cessed by the computer system corresponding to one or more
imaging sessions during which multi-modality 1image data
was acquired from a patient of interest. The multi-modality
image data includes at least one set of anatomical 1mage data
acquired from the patient using an anatomical 1maging
modality, such as CT or MR for example, and at least one set
of functional 1mage data acquired from the patent using a
functional i1maging modality, such as PET or SPECT as
examples. In the exemplary embodiment described below
wherein the multi-modality image data includes three-dimen-
sional CT and PET data, one CT series and one PET series
from one of the loaded exams 1s selected in step 204. In
alternative embodiments, one MR series and one PET series,
one CT series and one SPECT series, and/or one MR series
and one SPECT series may be selected from the loaded exams
in step 204.

In optional step 206 (shown 1n phantom) technique 200
performs a registration of the image data of the CT and PET
series 1n order to accurately overlay the anatomical and func-
tional 1mage data. Alternatively, in embodiments where the
multi-modality image data 1s acquired from a combined PET/
CT or a combined PET/MR imaging system, the acquired
multi-modality image data may be automatically registered.

During step 208 an automatic bone segmentation 1s per-
formed on the anatomical 1mage data (e.g., data correspond-
ing to the CT volume) using a bone segmentation subroutine
210 described 1n detail below with respect to FIG. 5. In one
embodiment, a patient skeletal image representing the skel-
cton of the patient 1s generated from a subset of the anatomi-
cal image data during step 208 based on the automatic bone
segmentation.

Referring to FIG. 5, the bone segmentation subroutine 210
of technique 200 1s described 1n detail. As shown, bone seg-
mentation subroutine 210 begins at step 212 by accessing the
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anatomical 1mage series, such as a CT series, selected at step
204 of technique 200. In optional step 214 (shown 1n phan-
tom) one or more views of the accessed 1image series 15 dis-
played on a user interface, such as on workstation 28 of FIG.
1, to permit a user to review the 1mage series and adjust the
segmentation parameters. In step 216 bone segmentation sub-
routine 210 performs an automated segmentation to identify
and define the skeletal structure within the anatomaical image
series using predefined segmentation parameters and/or the
adjusted segmentation parameters defined 1n step 214.

In embodiments where the anatomical image series
includes CT data, bone segmentation subroutine 210 uses a
thresholding technique to segment the image data. The
thresholding technique may, for example, define 1mage data
having attenuation values within a predetermined range as
corresponding to skeletal or bone material. In embodiments
where the anatomical image series includes MR data, bone
segmentation subroutine 210 segments the 1mage data based
on general CT anatomy atlas mapping or using ultrashort
echo time sequences generated MR data, where with a thresh-
olding algorithm the skeleton of the bone structure can be
obtained. While various segmenting techniques are described
herein, one having skill in the art will recognize that embodi-
ments of the mvention may segment different anatomical
region bone structures using alternative techniques, such as,
for example, clustering, level set, and region growing.

After performing the automated segmentation, bone seg-
mentation subroutine 210 fills the cavities on the defined bone
structure to add the bone marrow, the spinal-cord, and the
brain in step 218. In step 220 the jaw-bone 1s detected based
on the bone/soft tissue ratio 1n order to eventually remove the
brain. Bone segmentation subroutine 210 uses the detected
jaw-bone to separate the whole head and segment the brain in
step 222. The segmented brain 1s removed from the anatomi-
cal image data 1n step 224. Bone segmentation subroutine 210
then generates a patient skeleton 1image from a subset of the
anatomical 1mage data representing the bone of the patient
and displays the image in one or more views at step 226 for
user review.

If the segmentation 1s deemed acceptable 228 at decision
block 230, the bone segmentation subroutine 210 outputs the
segmented skeletal structure of the patient and ends at block
232. If the segmentation 1s not acceptable 234, bone segmen-
tation subroutine 210 proceeds to decision block 236 to deter-
mine whether the segmentation can be corrected by manual
editing. If the segmentation cannot be corrected by manual
editing 238, bone segmentation subroutine 210 returns to step
214 to adjust the segmentation parameters and restart the
segmentation process. If the segmentation can be corrected
by manual editing 240, bone segmentation subroutine 210)
proceeds to step 242, wherein a user manually edits the cur-
rent results of the segmentation, such as by moditying the
contours of the resulting skeletal structure. After the manual
editing procedure 1s complete, bone segmentation subroutine
210 returns to decision block 230 to determine whether the
result of the edited segmentation 1s acceptable.

Referring again to FIG. 4, after the bone segmentation
subroutine 210 of step 208 1s complete, technique 200 con-
tinues to step 244 wherein technique 200 uses the segmented
anatomical 1image data output from bone segmentation sub-
routine 210 and the functional image data selected at step 204
to detect bone lesions at using a lesion detection subroutine
246, as described 1n detail 1n FIG. 6.

Referring now to FIG. 6, the lesion detection subroutine
246 begins at step 248 by accessing the functional image data
set corresponding to the image series selected at step 204 of
technique 200. In step 250 lesion detection subroutine 246




US 9,324,140 B2

9

automatically identifies possible lesion candidates i the
functional 1mage data set using a thresholding algorithm. In
one embodiment, the possible lesion candidates are identified
based on the standardize uptake values (SUV) of image vox-
cls within the PET data series. For example, lesion candidates
may be defined as regions of voxels having a mean SUV
within a predetermined range of values. During step 250,
lesion detection subroutine 246 also assigns bookmarks to the
lesion candidates. According to various embodiments, the
assigned bookmarks may be automatically assigned to lesion
candidates by a computer processor, such as CPU 12 of FIG.
1, and/or manually assigned by a user. The bookmarks may
include identifying information for the lesion candidates
including for example, a unique lesion identifier and/or the
positional coordinates for the respective lesion candidate.

Images of the lesion candidates are generated in step 252
and displayed as an overlay on the patient skeletal image
generated from the segmented skeletal structure output from
bone segmentation subroutine 210 of FIG. 5. In one embodi-
ment, the segmented skeletal structure from a CT i1mage
series 1s projected into a PET image that includes the lesion
candidates. In decision block 254, the results of the auto-
mated lesion candidate detection step are reviewed to deter-
mine 11 the result of the lesion candidate detection 1s accept-
able. If the lesion detection 1s not acceptable 256, lesion
detection subroutine 246 proceeds to step 258 in which the
lesion detection parameters are adjusted. However, 11 the
lesion detection 1s acceptable 260, lesion detection subrou-
tine 246 1s prompted to move on to step 262 and classity the
identified lesion candidates as being either bone lesions (1.e.,
lesions located within the skeletal structure) or non-bone
lesions (i.e., lesions not located 1n the skeletal structure).

While step 252 1s described above as occurring prior to
decision block 254, lesion detection subroutine 246 may per-
form step 252 after decision block 254 determines that the
results of the lesion candidate identification 1s acceptable in
alternative embodiments.

To assist with classitying lesion candidates as being either
bone lesions or non-bone lesions at step 262, lesion detection
subroutine 246 uses the segmented CT volume of step 208. In
particular, lesion detection subroutine 246 compares the loca-
tion of the lesion candidates to the location of the 1dentified
skeletal structure. Any lesion candidates that fall within the
location of the skeletal structure are automatically identified
as bone lesions and any lesion candidates that are outside
location of the skeletal structure are automatically 1dentified
as non-bone lesions. Because lesion detection subroutine 246
automatically classifies lesions as being bone or non-bone
based on the 1dentified location of the lesion candidate with
respect to the identified location of the patient’s skeletal struc-
ture, lesion candidates may be correctly classified as being,
bone lesions with high accuracy. The bookmark information
for the lesion candidates may be updated following lesion
detection subroutine 246 to include information to indicate
whether the lesion candidate 1s a bone lesion or a non-bone
lesion. Further, data corresponding to the classified bone
lesions may be combined and interpreted as a common object
for quantitative analysis, rather than reviewing and determin-
ing quantitative data for each lesion separately. Lesion detec-
tion subroutine 246 ends at block 264.

Referring again to FI1G. 4, the results of the lesion classi-
fication determined during lesion detection subroutine 246,
as well as the bookmark information for the lesion candidates,
are optionally output to a database for storage at step 266
(shown 1n phantom). Technique 200 also uses the results of
the lesion classification in step 268 to calculate quantitative
information regarding the skeletal structure and detected
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bone lesions of the patient. It 1s contemplated that quantitative
information regarding the skeletal structure and detected
bone lesions may be 1 regard to individual bone lesions or the
total of all bone lesions, according to various embodiments.
The quantitative information 1s displayed at step 270.

According to one embodiment, technique 200 calculates a
patient skeletal metric that represents a total skeletal volume
ol the patient, a bone lesion metric that represents a total bone
lesion volume of the patient, and a bone lesion index or lesion
burden at step 268. The total skeletal volume 1s a quantitative
value calculated based on the final bone segmentation output
from bone segmentation subroutine 210 and represents the
total volume of bone within the patient. The total bone lesion
volume 1s a quantitative value calculated based on a total bone
volume of the lesion candidates classified as bone lesions by
lesion detection subroutine 246. According to one embodi-
ment, the bone lesion index i1s calculated as a ratio of the total
bone lesion volume to the total skeletal volume and 1s repre-
sented as a percentage. The bone lesion index quantifies the
amount of disease in the patient’s skeletal structure and rep-
resents a total tumor burden of the skeletal structure.

In some embodiments, portions of the selected anatomical
and functional 1mage series, visual representations of the
lesion candidates, and the quantitative information calculated
by technique 200 may be displayed on a graphical user inter-
tace (GUI) 272 as 1illustrated in FIG. 7. As shown, GUI 272
includes a menu display region 274, which contains an ana-
tomical 1mage selection menu 276, a functional image selec-
tion menu 278, and various command buttons 280. Anatomi-
cal image selection menu 276 and functional image selection
menu 278 allow the user to select which multi-modality
image series to load and analyze. According to various
embodiments, command buttons 280 allow the user to inter-
act with select steps of technique 200 and subroutines 210,
246. For example, one command button 280 may permit a
user to adjust a segmentation parameter of segmentation sub-
routine 210 at step 214 or adjust lesion detection parameters
of lesion detection subroutine 246 at step 2358.

According to an exemplary embodiment, GUI 272
includes an 1mage display region 282 that i1s separated into
multiple windows in order to display multiple 1mages. For
example, 1mage display 282 may include a first window 284
that displays a CT 1image, a second window 286 that displays
a corresponding PET 1mage, and a third window 288 that
displays the CT image overlaid on the PET image. Fourth,
fifth, and sixth windows 290, 292, 294 include various views
of the segmented skeletal volume obtained from the CT
image using bone segmentation subroutine 210 overlaid with
contours of lesion candidates 296, 298 detected using lesion
detection subroutine 246. In alternative embodiments, image
display region 282 includes one or more selected images
corresponding to the multi-modality 1mage series and the
detected lesions. Image display region 282 may further be
configured to display bone lesions and non-bone lesions 1n
different colors or with different shading to visually distin-
guish detected bone lesions from non-bone lesions. As one
example, a lesion candidate classified as a bone lesion, such
as lesion candidate 296, may be displayed with a red contour,
and a lesion candidate classified as a non-bone lesion, such as
lesion candidate 298, may be displayed with a blue contour.
According to various embodiments, image display region 282
may be configured as an interactive workspace to permit a
user to interact with the images to perform various tasks
including, for example, manually 1dentify lesion candidates,
delete an automatically identified lesion, and/or change the
classification of an automatically detected lesion, as non-
limiting examples.
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Analysis display region 300 includes a visual display of the
quantitative or statistical data computed 1n step 268 of tech-
nique 200. This data can include the total skeleton volume of
the patient, the total volume of bone lesions and non-bone
lesions, the total bone lesion volume (1.e., total tumor burden),
the calculated bone lesion index, and other statistical infor-
mation calculated during step 268. An information display
region 302 1s also located within 1n GUI 272 to provide the
user with patient and scan information including, for
example, name, age, the date of scans, and/or various param-
cters associated with the scans.

GUI 272 also includes a bookmark display region 304 that
lists 1dentifying information for the lesion candidates flagged
by either the computer system or the user. According to vari-
ous embodiments, bookmark display region 304 may include
a unique 1dentifier for a particular lesion candidate, the coor-
dinates for that particular lesion candidate, and whether the
particular lesion candidate 1s a bone-lesion or a non-bone
lesion.

Optionally, one or more of regions 274, 282, 300, 302, and
304 may be configured as a control panel to permit a user to
input and/or select data through mput fields, dropdown
menus, etc. It 1s noted that the arrangement of GUI 272 1s
provided merely for explanatory purposes, and that other GUI
arrangements, field names, and visual outputs may take dii-
terent forms within the scope of various embodiments of the
invention. Additional display techniques may also include
temperature gauges, graphs, dials, font variations, annota-
tions, and the like.

A technical contribution for the disclosed method and
apparatus 1s that 1t provides for a computer implemented
system and method of detecting bone lesions using multi-
modality image data.

One skilled in the art will appreciate that embodiments of
the invention may be interfaced to and controlled by a com-
puter readable storage medium having stored thereon a com-
puter program. The computer readable storage medium
includes a plurality of components such as one or more of
clectronic components, hardware components, and/or com-
puter software components. These components may include
one or more computer readable storage media that generally
stores 1nstructions such as software, firmware and/or assem-
bly language for performing one or more portions of one or
more implementations or embodiments of a sequence. These
computer readable storage media are generally non-transitory
and/or tangible. Examples of such a computer readable stor-
age medium include a recordable data storage medium of a
computer and/or storage device. The computer readable stor-
age media may employ, for example, one or more of a mag-
netic, electrical, optical, biological, and/or atomic data stor-
age medium. Further, such media may take the form of, for
example, tloppy disks, magnetic tapes, CD-ROMSs, DVD-
ROMSs, hard disk drives, and/or electronic memory. Other
forms of non-transitory and/or tangible computer readable
storage media not list may be employed with embodiments of
the 1nvention.

A number of such components can be combined or divided
in an implementation of a system. Further, such components
may include a set and/or series of computer istructions writ-
ten 1 or implemented with any of a number of programming,
languages, as will be appreciated by those skilled 1n the art. In
addition, other forms of computer readable media such as a
carrier wave may be employed to embody a computer data
signal representing a sequence of instructions that when
executed by one or more computers causes the one or more
computers to perform one or more portions of one or more
implementations or embodiments of a sequence.
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In accordance with one embodiment of the present inven-
tion, a non-transitory computer readable storage medium has
stored thereon a computer program and represents a set of
instructions that when executed by the computer causes the
computer to access a first set of data of a first data type and a
second set of data of a second data type. The first set of data
1s acquired from a patient with a first imaging modality, and
the second set of data 1s acquired from the patient with a
second 1maging modality. The set of 1nstructions also causes
the computer to perform a segmentation on the first set of data
to 1dentily a subset of the first set of data corresponding to a
skeletal structure of the patient. Further, the set of instructions
causes the computer to automatically calculate a patient skel-
ctal metric from the subset of the first set of data, the patient
skeletal metric representing a total bone volume of the
patient. In addition, the set of 1nstructions causes the com-
puter to detect at least one lesion 1n the second set of data,
classily the at least one lesion as a one of a bone lesion and a
non-bone lesion, and automatically calculate a bone lesion
metric based on the classification. The set of instructions
turther causes the computer to calculate a lesion burden as a
ratio of the bone lesion metric and the patient skeletal metric.

According to another embodiment of the invention, a
method includes accessing an anatomical image data set
acquired from a patient and accessing a function image data
set acquired from the patient. The method also includes 1den-
tifying a subset of the anatomical image dataset correspond-
ing to bone and calculating a skeletal volume from the subset
of the anatomical 1mage dataset. In addition, the method
includes 1dentifying a set of lesions from the function image
dataset, comparing the set of lesions to the subset of the
anatomical 1mage dataset to 1dentify at least one bone lesion
within the set of lesions, and automatically calculating a bone
lesion burden based on the at least one bone lesion. Further,
the method includes calculating a bone lesion index from the
bone lesion burden and the skeletal volume.

According to yet another embodiment of the invention, a
medical diagnostic tool includes an 1image acquisition system
configured to acquire multi-modality image data, a first data-
base having stored thereon a first image dataset acquired from
a patient using a first imaging modality, a second database
having stored thereon a second 1mage dataset acquired from
the patient using a second 1imaging modality, and a computer
processor. The computer processor 1s programmed to access
the first and second 1mage datasets. The computer processor
1s further programmed to segment the first image dataset to
define a set of skeletal data, 1dentify a location of a lesion
candidate in the second 1mage set, compare the location of the
lesion candidate to the set of skeletal data, and classity the
lesion candidate as one of a bone lesion and anon-bone lesion
based on the comparison to define a set of bone lesion data. In
addition, the computer processor 1s programmed to calculate
a lesion burden based on a ratio of the set of bone lesion data
and the set of skeletal data. The medical diagnostic tool also
includes a graphical user interface (GUI) constructed to dis-
play an image generated from overlaying a first image corre-
sponding to the set of skeletal data on a second 1mage corre-
sponding to the set of bone lesion data.

This written description uses examples to disclose the
invention, mcluding the best mode, and also to enable any
person skilled in the art to practice the mvention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the imnvention
1s defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims 1f they have
structural elements that do not differ from the literal language
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of the claims, or 1f they include equivalent structural elements
with msubstantial differences from the literal languages of
the claims.

What 1s claimed 1s:

1. A non-transitory computer readable storage medium
having a computer program stored thereon and representing a
set of mstructions that, when executed by a computer, causes
the computer to:

access a first set of data of a first data type, the first set of

data acquired from a patient with a first imaging modal-
ity

access a second set of data of a second data type, the second

set of data acquired from the patient with a second 1mag-
ing modality;

perform a segmentation on the first set of data to 1dentify a

subset of the first set of data corresponding to a skeletal

structure of the patient, the segmentation imncluding;:

detect a jaw-bone of the patient 1n the subset of the first
set of data; and

remove data corresponding to a patient brain from the
subset of the first set of data based on the detected
1aw-bone;

generate a segmented skeletal structure of the patient by

filling a plurality of cavities in the subset of the first set
of data, the plurality of cavities corresponding to bone
marrow locations within the skeletal structure of the
patient;

automatically calculate a patient skeletal metric from the

segmented skeletal structure, the patient skeletal metric
representing a total bone volume of the patient;

detect at least one lesion 1n the second set of data;

classily the at least one lesion as one of a bone lesion and a

non-bone lesion;

automatically calculate a bone lesion metric based on the

classification; and

calculate alesion burden as aratio of the bone lesion metric

and the patient skeletal metric.

2. The computer readable storage medium of claim 1
wherein the set of instructions further causes the computer to:

automatically calculate a total volume of lesions classified

as bone lesions; and

use the calculated total volume to calculate the bone lesion

metric.

3. The computer readable storage medium of claim 1
wherein the set of instructions further causes the computer to:

generate an 1mage of the skeletal structure of the patient

from the skeletal structure;

generate an image of the at least one lesion from the second

set of data; and

overlay the image of the at least one lesion on the 1image of

the skeletal structure of the patient.

4. The computer readable storage medium of claim 1
wherein the set of istructions further causes the computer to
register the first set of data with the second set of data.

5. The computer readable storage medium of claim 1
wherein the first imaging modality comprises a computed
tomography (CT) imaging system; and

wherein the second 1imaging modality comprises a positron

emission tomography (PET) imaging system.

6. The computer readable storage medium of claim 1
wherein the first imaging modality comprises an magnetic
resonance (MR) imaging system; and

wherein the second 1imaging modality comprises a positron

emission tomography (PET) imaging system.

7. The computer readable storage medium of claim 1
wherein the set of instructions further causes the computer to
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automatically assign a bookmark to the at least one lesion, the
bookmark comprising identifying information for the at least
one lesion.

8. A method comprising;:

accessing an anatomical image data set acquired from a

patient;

accessing a functional image data set acquired from the

patient;

identifying a subset of the anatomical image dataset corre-

sponding to bone using a segmentation subroutine, the

segmentation subroutine having bone segmentation and

cavity-filing wherein cavities within bone structure are

filled to add image data corresponding to at least one of

bone marrow, spinal cord, and brain, wherein the bone

segmentation includes:

detecting a jaw-bone of the patient 1n the subset of the
anatomical image dataset; and

removing data corresponding to the patient’s brain
based on the detected jaw-bone;

calculating a skeletal volume from the subset of the ana-

tomical 1mage dataset;

identifying a set of lesions from the functional image

dataset;

comparing the set of lesions to the subset of the anatomical

image dataset to 1dentify at least one bone lesion within
the set of lesions;

automatically calculating a bone lesion burden based on

the at least one bone lesion; and

calculating a bone lesion index from the bone lesion burden

and the skeletal volume.

9. The method of claim 8 further comprising;:

acquiring the anatomical image dataset {from one of a com-

puted tomography (CT) imaging system and a magnetic
resonance (MR) imaging system; and
acquiring the functional 1image dataset from one of a pho-
ton emission tomography (PET) imaging system and a
single-photon  emission  computed tomography
(SPECT) imaging system.

10. The method of claim 8 further comprising:

generating a patient skeleton 1mage from the subset of the
anatomical 1image dataset, wherein the patient skeleton
image represents a patient skeleton;

generating at least one lesion 1image from the identification

of the at least one bone lesion;

displaying the at least one lesion 1image as an overlay on the

patient skeleton 1mage on a graphical user interface
(GUI); and

displaying at least one of the bone lesion burden and the

bone lesion index on the GUI.

11. The method of claim 8 further comprising;:

defining a first subset of the set of lesions as bone lesions;

and

defining a second subset of the set of lesions as non-bone

lesions.

12. The method of claim 8 further comprising manually
modifying at least one of a parameter of the segmentation
subroutine and a parameter of a lesion detection subroutine
used to 1dentily the set of lesions from the functional image
dataset.

13. The method of claim 8 further comprising assigning
bookmarks to the set of lesions.

14. A medical diagnostic tool comprising:

a computer processor programmed to:

access lirst and second 1mage datasets;
segment the first image dataset to define a set of skeletal
data;
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perform a bone segmentation subroutine on the set of
skeletal data to define a modified set of skeletal data,
the bone segmentation subroutine comprising:
detecting a jaw-bone of the patient in the set of skel-
ctal data; and 5
removing data corresponding to a brain from the setof
skeletal data based on the detected jaw-bone;
identify a location of a lesion candidate in the second
image dataset;
compare the location of the lesion candidate to the modi-
fied set of skeletal data;
classily the lesion candidate as one of a bone lesion and
a non-bone lesion based on the comparison to define a
set of bone lesion data;
calculate a lesion burden based on a ratio of the set of
bone lesion data and the modified set of skeletal data; 1°
and
a graphical user iterface (GUI) constructed to display an
image generated from overlaying a first image corre-
sponding to the modified set of skeletal data on a second
image corresponding to the set of bone lesion data.

15. The medical diagnostic tool of claim 14 wherein the
first image dataset 1s acquired from a first imaging modality,
wherein the first imaging modality 1s one of computed tomog-
raphy (CT) imaging system and magnetic resonance (MR)
imaging system; and
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wherein the second 1mage dataset 1s acquired from a sec-
ond imaging modality, wherein the second imaging
modality 1s one of positron emission tomography (PET)
imaging system and single-photon emission computed
tomography (SPECT) imaging system.
16. The medical diagnostic tool of claim 14 wherein the
GUI comprises:

an analysis display window constructed to display the
lesion burden as a quantitative value; and

a user input region constructed to allow a user to modity at
least one parameter of the segmentation.

17. The medical diagnostic tool of claim 14 wherein the
computer processor 1s further programmed to:

identity a plurality of lesion candidates;

classily a subset of the plurality of lesion candidates as
bone lesions;

calculate a volume of the bone lesions; and
define the lesion burden from the volume of bone lesions.

18. The medical diagnostic tool of claim 14 wherein in
performing the bone segmentation subroutine the computer
processor 1s further programmed to fill cavities within the set
ol skeletal data corresponding to bone marrow.
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